M
ast cells (MC) are unique hematopoietic cells that are richly distributed in the skin and the mucosal surfaces of the respiratory and gastrointestinal tracts (1) . When stimulated in vitro via their high-affinity Fc receptor for IgE (FcRI), they release preformed granule-associated inflammatory mediators such as histamine (2) and protease-proteoglycan complexes (3), generate a panel of arachidonic acid-derived lipid mediators de novo (4) , and secrete both induced immunomodulatory and proinf lammatory cytokines (5) (6) (7) (8) . These cytokines include TNF-␣ (5), IL-13 (6, 7) , , and chemokines such as macrophage inflammatory protein (MIP) 1␣ (9) . The generation of cytokines is likely an important feature of MC behavior in allergic and asthmatic inflammation.
IL-4 and IL-5 are prominently expressed by T cells and other cell types in foci of allergic tissue inflammation. IL-4 has pleotrophic actions that include the induction of FcRI expression by human MC (hMC) (10) , which is associated with a markedly augmented capacity for hMC to generate IL-5, IL-13, and other cytokines de novo after FcRI crosslinkage (6, 11) . IL-5 is the major mediator of the expansion of the eosinophil population in allergen-challenged mice (12) . Its hematopoietic activity in humans was thought to be selective for eosinophils (13) and basophils (14) , which share a common developmental lineage (15, 16) . However, we found recently that hMC derived in vitro from umbilical cord blood mononuclear cells express cytofluorographically detectable IL-5 receptors (17) and that IL-5 is comitogenic with stem cell factor (SCF) for hMC. Because there is no known requirement for IL-5 in hMC development, we considered that IL-5 might have functional effects on hMC directed to their FcRI-dependent generation of cytokines, as was previously demonstrated for IL-4 (6, 10, 11) . In this study, we show that when hMC maintained in SCF were primed with IL-5, they increased their steady-state expression of mRNA encoding TNF-␣, IL-5, IL-13, MIP-1␣, and granulocytemacrophage colony-stimulating factor (GM-CSF) at 2 h after passive sensitization and challenge with anti-IgE and the corresponding secreted proteins at 6 h, with the exception of IL-13. In contrast to the priming effects of IL-4, those of IL-5 were independent of increased FcRI expression or changes in the exocytosis of histamine. Thus, IL-5 is an amplification factor for the IgE-dependent generation by hMC of cytokines that orchestrate allergic inflammation and may even permit amplification of this process through both autocrine and paracrine mechanisms. Culture and Characterization of hMC. hMC were derived from cord blood mononuclear cells cultured in the presence of SCF, IL-6, and IL-10, as described (17) . The mononuclear cell fraction from umbilical cord blood was cultured in RPMI-1640 medium (GIBCO͞BRL) with 10% FBS (Sigma), 2 mM L-glutamine, 0.1 mM nonessential amino acids, 0.2 M 2-mercaptoethanol, 100 units͞ml penicillin, 100 g͞ml streptomycin, 2 g͞ml gentamycin, 100 ng͞ml SCF, 50 ng͞ml IL-6, and 10 ng͞ml IL-10. The entire volume of cytokine-supplemented medium was replaced and the nonadherent cells were transferred to fresh culture flasks on a weekly basis. Portions of 2 ϫ 10 4 cultured cells were spun onto glass slides in a cytocentrifuge (Cytospin 2, Shandon, Pittsburgh) and stained with toluidine blue. The cells were harvested for study when more than 95% stained positively with toluidine blue (6-9 wk of culture).
Materials and Methods
Flow cytometry was performed as described (17) . After exposure to monoclonal antibodies, the cells were stained with fluorescein isothiocyanate-conjugated sheep anti-mouse IgG (Calbiochem) and then analyzed with FACSort (Becton Dickinson). The results were analyzed as overlaid histograms and in the case of FcRI are expressed as the percent change in the ratio of mean fluorescence intensity elicited by 22E7 divided by the isotype-matched control.
For immunocytochemistry, cytocentrifugation slides were prepared as described above, air dried, and fixed in Carnoy's fluid (60% ethanol͞30% chloroform͞10% glacial acetic acid) for 10 min at room temperature. After being washed with PBS three to four times, the slides were blocked with 2% chicken egg albumin (Sigma) for 30 min at room temperature and were incubated with appropriate dilutions of antitryptase or antichymase antibodies or with the corresponding isotype-matched negative controls. After application of the appropriate secondary antibodies, alkaline phosphatase was used as a chromogenic reporter (17) .
Cell Stimulation and Functional Assays. hMC were extensively washed and resuspended at a concentration of 1.0 ϫ 10 6 hMC͞ml in fresh medium containing SCF (100 ng͞ml) alone or with recombinant IL-5 (5 ng͞ml) or recombinant IL-4 (10 ng͞ml) for 5 days. Human myeloma IgE (2 g͞ml) was added during the final 16 h of cytokine priming. After extensive washing, the hMC were resuspended at a concentration of 5 ϫ 10 5 hMC͞ml in fresh medium containing SCF (100 ng͞ml) and were activated in triplicate 200-l portions by adding anti-IgE (1 g͞ml). The supernatants were collected at 6 h and frozen at Ϫ70°C until analyses were performed. The quantities of the cytokines were measured with ELISA (Endogen, Cambridge, MA) according to the manufacturer's protocol.
For histamine release, supernatants from triplicate cell samples were separated from the corresponding pellets by centrifugation of the samples 30 min after activation. The pellets were disrupted by three rounds of freeze thawing followed by sonication. The histamine content of the acylated samples was quantitated with a commercial ELISA (ICN) according to the manufacturer's protocol. The percentage of histamine released [histamine in supernatant͞(histamine in supernatant ϩ histamine in pellet) ϫ 100] was expressed as the mean Ϯ SEM for each individual experiment.
For cytokine mRNA studies, the hMC were stimulated in single portions of 5-10 ϫ 10 6 cells. Total RNA was extracted 2 h after cell activation (a time frame established for maximal induction in preliminary experiments) with TRI Reagent (Molecular Research Center, Cincinnati) according to the manufacturer's protocol. Then 10-15 g of total RNA were loaded into the wells of 1.3% agarose gels in 1 ϫ MESA buffer (Sigma), with 20% formaldehyde in an equal volume of a sample buffer consisting of 50% standard sodium phosphate with ethylenediaminetetraacetic acid (SSPE), 25% formamide, 15% formaldehyde, 9% blue juice (GIBCO͞BRL), and 1% ethidium bromide, and resolved by electrophoresis at 80 mV. The RNA was transferred to nylon membranes overnight by capillary action and processed as described (21) for hybridization under highstringency conditions with PCR-generated gene-specific DNA fragments encoding TNF-␣, MIP-1␣, IL-5, IL-13, and GM-CSF, each confirmed by automated sequencing. The membranes were probed with an 18S ribosomal RNA probe (CLONTECH) as a control for RNA loading and intactness. Laser densitometry was performed on each blot, and the relative densities corresponding to each band were calculated as a percentage of the signal for the 18S probe.
Statistical Analysis. The quantities of the cytokines generated and the percentages of histamine released by primed and unprimed hMC are presented as means Ϯ SEM of at least three experiments each and are compared with the one-tailed Student's t test for matched pairs. Because it was not possible to prime cells with both IL-4 and IL-5 in every experiment, the priming effects of IL-5 and IL-4 were compared with one another by expressing the amounts of each cytokine generated under the priming conditions as a percentage of control (SCF alone). The priming effects were then compared with the one-tailed Student's t test for samples with unequal variances.
Results and Discussion
IL-5 is strongly expressed by T cells, along with some eosinophils and mast cells, in bronchial biopsy specimens from patients with asthma (22) , and it plays a pivotal role in regulating eosinophilia (12) . Although IL-5 in humans was known to have effects only on eosinophils and basophils, we anticipated that IL-5 might prime hMC for FcRI-mediated induction of cytokine expression and secretion, a potentially important effector function of hMC, in association with its recently identified comitogenic effects (17, 23) . The hMC developed in vitro in the presence of SCF, IL-6, and IL-10 were Ն95% toluidine blue positive (shown for one experiment in Fig. 1a) . Most of the cells possessed multiple nuclear lobes typical of hMC grown from cord blood in vitro, an effect attributed to IL-6 (24). The hMC stained strongly positive for tryptase (Fig. 1b) and chymase (Fig. 1c) , showed high cytofluorographic expression for c-kit (Fig. 1d) , and expressed CD13 in a monophasic distribution (17, 23) (Fig. 1d) . Basophils, which like hMC are metachromatic with toluidine blue, possess functional IL-5 receptors (25) , and generate cytokines (especially IL-13 and IL-4) on FcRI crosslinking (26, 27) , were excluded by the high-level expression of c-kit and the uniform ␤ 3 integrin expression of the cultured cells (28) (Fig. 1d) . Moreover, basophils do not express chymase, and only a few basophils express tryptase (29, 30) . Each of these immunocytochemical markers remained positive in our cultures after priming by IL-5 (n ϭ 2, data not shown). We are thus confident that basophil differentiation was not elicited by 5 days of IL-5 priming and that the induction of cytokines reflects effects on hMC and not basophils. SCF, acting through c-kit, is essential for all MC development in mice (31, 32) and for hMC development in vitro from various progenitor sources (23, 24, 33, 34) . IL-4 priming enhances cytokine generation, along with FcRI expression and IgEdependent exocytosis, by SCF-dependent hMC derived in vitro from cord blood (6) or purified from dispersed human intestinal tissue (11, 35) . The IL-4-induced increases in FcRI expression involve de novo synthesis of the FcRI␣ subunit and are amplified by simultaneous incubation with IgE, reflecting stabilization of the receptors by IgE at the cell membrane (36) . As expected, compared with hMC maintained in SCF alone, hMC primed with IL-4 exhibited enhanced FcRI␣ expression (55 Ϯ 26% increase over hMC maintained in SCF alone, P ϭ 0.002, n ϭ 3) and IgE-mediated histamine release (53 Ϯ 4% vs. 26 Ϯ 2% release, n ϭ 3, P ϭ 0.01). In contrast, IL-5 priming of hMC did not change membrane expression of FcRI␣ (0.6 Ϯ 3.0% increase, P ϭ 0.30) and did not enhance exocytosis of histamine by hMC after passive sensitization and challenge (31 Ϯ 4% release, P ϭ 0.10). Thus, the inductive effects of IL-5 on FcRImediated production of cytokines by hMC reflect events independent of the magnitude of FcRI expression or histamine exocytosis.
We examined a panel of cytokines (TNF-␣, IL-5, IL-13, MIP-1␣, GM-CSF, IL-4, and eotaxin) that are present in bronchoalveolar lavage fluids from humans with asthma (37, 38) , are localized to hMC in bronchial biopsy specimens from persons with asthma (39, 40) , or are released by hMC (7-9) or mouse MC (41) (45, 46) , and bronchial hyperreactivity (IL-13, IL-5) (42, 43, 47) . SCF was included in all priming experiments to maintain optimal hMC viability. Preliminary studies established that maximal concentrations of TNF-␣, MIP-1␣, IL-5, IL-13, and GM-CSF were detected 6 h after activation and that IL-5 was maximally active at a concentration of 5 ng͞ml. Unlike investigators working with hMC purified from dispersed lung tissue (48), we did not identify IL-4 production by hMC. This observation is consistent with that of other groups who did not recognize IL-4 as a secreted product of intestinal hMC stimulated ex vivo (11) and suggests that, unlike basophils, hMC are not obligate IL-4 producers after IgE-dependent activation. Our further studies, therefore, did not include assays for induced IL-4 or eotaxin secretion and focused on the priming effect of IL-5 (5 ng͞ml), compared with a maximally effective dose of IL-4 (10 ng͞ml), for the generation of TNF-␣, MIP-1␣, IL-5, IL-13, and GM-CSF.
None of the cytokine transcripts tested were detected in hMC maintained in SCF alone before activation. Stimulation with anti-IgE after passive sensitization induced steady-state expression of TNF-␣, GM-CSF, and MIP-1␣ transcripts at 2 h by the hMC maintained without priming (73 Ϯ 17%, 170 Ϯ 5%, and 101 Ϯ 20% of 18S RNA signal, n ϭ 3). The transcripts for IL-5 were also weakly induced (9 Ϯ 3%), whereas IL-13 transcripts remained below limits of detection (Fig. 2) . Priming of the hMC by IL-4 (but not by IL-5) in the continued presence of SCF induced the steady-state expression of the mRNAs encoding IL-5 and GM-CSF (to 79 and 45% of the 18S RNA signal, respectively, n ϭ 1; Fig. 2) , even without activation. The steadystate expression of both IL-5 and GM-CSF mRNA induced by IL-4 priming alone was associated with IL-5 secretion (16 Ϯ 2 pg͞10 6 hMC, mean Ϯ SEM for triplicate samples, n ϭ 1) but not with GM-CSF secretion, as measured just before hMC activation with anti-IgE. Non-FcRI-dependent secretion of IL-5 has been reported previously for intestinal hMC primed in vitro with IL-4 (35). IL-4-mediated induction of steady-state IL-5 and GM-CSF mRNA expression, independent of FcRI-mediated activation, may relate to the immunolocalization of cytokines to hMC in bronchial biopsies even from individuals with nonallergic asthma (40) and may be reflected by regional differences in IL-5 immunoreactivity among hMC subpopulations in vivo (49) . The steady-state expression of TNF-␣ (380 Ϯ 172% of 18S RNA signal), IL-5 (142 Ϯ 44%), IL-13 (234 Ϯ 105%), MIP-1␣ (278 Ϯ 111%), and GM-CSF (425 Ϯ 182%) was strong after anti-IgE challenge of the IL-4-primed hMC (n ϭ 3; shown for one experiment, Fig. 2) .
IL-5 priming of hMC followed by passive sensitization and challenge with anti-IgE induced de novo steady-state expression of mRNAs for IL-5 (32 Ϯ 12%) and IL-13 (31 Ϯ 9%) and substantially augmented the steady-state expression of TNF-␣ (151 Ϯ 36%), MIP-1␣ (191 Ϯ 46%), and GM-CSF (312 Ϯ 105%) mRNAs compared with their expression by nonprimed, FcRIactivated hMC (n ϭ 3; shown for one experiment in Fig. 2) . The mRNA signals for every cytokine reverted to undetectable levels by 24 h (n ϭ 1, data not shown). Thus, priming of hMC with either IL-4 or IL-5 augments the IgE-dependent induction of steady-state mRNA expression of each cytokine tested. Although IL-4 and IL-5 are nearly equal in their priming effect for the activation-dependent expression of MIP-1␣ and GM-CSF mRNA, IL-4 is dominant for induction of IL-5 and IL-13 and, to a lesser extent, TNF-␣. It is likely that IL-4 and IL-5 act by both distinct and overlapping mechanisms to control cytokine gene expression by hMC. Although the receptors for IL-4 and IL-5 couple to different respective STAT proteins, both activate the same nuclear factor of activated T cell transcription factors in human peripheral blood eosinophils (50) . The fact that both GM-CSF and MIP-1␣ are regulated by transcript stabilitydependent mechanisms (51, 52) suggests that IL-5 may act by altering available RNA-stabilizing and RNA-destabilizing factors. In contrast, IL-13 and IL-5 are controlled by transcriptiondependent mechanisms, and their transcription in T cells depends on long-term changes in chromatin structure that are induced by IL-4 during Th2 differentiation (53) .
In experiments with the cells from seven donors, hMC maintained in SCF generated small variable quantities of TNF-␣, IL-5, and IL-13, and more substantial quantities of GM-CSF hMC, P ϭ 0.10) 6 h after activation with anti-IgE in every experiment performed (n ϭ 5 for each cytokine; Fig. 3 ). In contrast, IL-5 priming was relatively ineffective for activation-induced IL-13 generation (56 Ϯ 27 vs. 84 Ϯ 23 pg͞10 6 hMC, P ϭ 0.37), with no effect on IL-13 production in two of the three experiments in which it was measured. IL-4 priming strongly induced or up-regulated the activation-dependent generation of TNF-␣ (24 Ϯ 16 vs. 276 Ϯ 70 pg͞10 6 hMC, P ϭ 0.04), IL-5 (3.7 Ϯ 1.65 vs. 81.7 Ϯ 41.9 pg͞10 6 hMC, P ϭ 0.02), GM-CSF (304 Ϯ 186 vs. 3,918 Ϯ 1,230 pg͞10 6 hMC, P ϭ 0.04), and MIP-1␣ (3,375 Ϯ 2,472 vs. 14,114 Ϯ 12,976 pg͞10 6 hMC, P ϭ 0.12) (n ϭ 5 for each), and unlike IL-5 also increased the production of IL-13 (42 Ϯ 21 vs. 240 Ϯ 40 pg͞10 6 hMC P ϭ 0.04, n ϭ 4). When cytokine production was expressed as a percentage of that obtained from hMC maintained in SCF alone, the IL-4 priming effect was significantly greater than the IL-5 priming effect for TNF-␣, IL-5, and GM-CSF production and approached significance for IL-13 (P ϭ 0.2). However, the two cytokines were equivalent in priming for MIP-1␣ generation (P ϭ 0.68; Fig. 3) ; each resulted in large quantities of MIP-1␣ (Ͼ10 ng͞10 6 hMC), which is an important chemoattractant for CCR5-bearing leukocytes such as lymphocytes, monocytes, and dendritic cells.
Our study makes two observations. First, IL-5, like IL-4, primes hMC for IgE-dependent cytokine generation but with a somewhat different profile that favors GM-CSF and MIP-1␣ and does not involve IL-13. Second, in contrast to IL-4, the priming effect of IL-5 for cytokine generation is not associated with substantially up-regulated FcRI expression or any augmented IgE-dependent exocytosis of histamine. Furthermore, as with IL-4 for T cells, IL-5 production by hMC may serve both autocrine functions (comitogenic and priming effects) and paracrine functions (modulation of local eosinophilia). IL-5 is expressed reportedly even in circumstances where IL-4 is not abundant, as has been reported for severe glucocorticoiddependent asthma (54) . The quantities of IL-5 and GM-CSF produced by activated IL-5-primed hMC (40 pg and nearly 1 ng͞10 6 hMC, respectively) are well within the bioactive range for supporting the survival of eosinophils (44, 55) and for augmenting their functional capacity for cytotoxicity (56) . Additionally, because immature dendritic cells express the MIP-1␣ receptor (CCR5) (45) and mature in response to GM-CSF (46) , the large quantities of these two mediators generated by IL-5-primed hMC suggest a mechanism by which dendritic cells might be recruited to the asthmatic bronchial mucosa for their presentation of antigen and activation of lymphocytes. Our study expands the functions of IL-5 to include the modification of the hMC cytokine-producing phenotype, thereby providing a potential autocrine effect on hMC and a paracrine link to eosinophils, which are observed together prominently in allergic tissue inflammation. 
